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Abstract

The recent development of trapped- ion frequency standards, which offer
high stability over long time periods, provides us with a potential new method
for detecting unseen matter inthe outer solar systemn. A distribution of inat-
tcr or a planctary body could produce a measurable gravitational redshift
of the radio signal received from a spacecraft equipped with an ultrastable
frequency standard.Trapped- ion standards haveca potential {requency sta-
bility of 1 partinl0'® or better over long time periods. We consider the
potential improvements this method could yield over conventional dynamical
tests for unscen matter in the outer solar systemn possible now or anticipated

inthe near future.

Subject Headings: dark matter - solar system: general - gravitation] - rcla-

tivity - radar astronomy
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. Introduction

An important unsettled issue concerning the nature of the solar system
is whether there exist distributions of still unseen matter inthe outer solar
system. The possibilitics include planctesimals remaining from the formation
of the solar system, cometary belts, or even a tenth planet (for a review and
certain limits, seclremaine 1990). Unscen massinthe outer solar system
could be detected by its dynamnical effects on Uranus or Neptune, or on a
deep space probe. However, present uncertainties in the data hmit the sensi -
tivity of these tests (Anderson andStandish1986;Standish1 993). Because
of the long orbital periods of Uranusand Neptunec (84 years and 164. S years,
respectively), weimay nave to wait many more years before additional ob-
servations of their positions yield definite results. Matter at larger distances
could still remain undetectable. The alternate method of tracking themo-
ticm of a deep space probe is limnited by the eflect of nongravitational forces,
such as those produced by attitude control disturbances. For spin- stabilized
spacecraft, such as Pioncer 10 and 11, acccleration models have been limited
to an accuracy of 5 x 10” “kin/s%.In this paper, we will consider a poten-
tialnew method to test for umnscen distributions of matterinthe outer solar

system.

Inaddition to the dynamical eflfcets of @ mass distribution, general rel-
ativily also predicts a gravit ational frequency shift hetween two oscillators
at diflferent loca tions in a gravitational field. This cflect cari be mecasured in
the solar systein by transmitting a radio signal from a spacceraft equipped
with a stable frequency standard (for a review, sce Krisher 1 990). However,

because of the large distances involved i the outer solar system, several




months or even years may be required to probe the gravitational potential
of an unknown source before a definite signature can be detected. We must
therefore use a frequency standard which is highly stable over long time pe-
riods. The recent developient of trapped- ion standards, which have this
capability, makes suchan experinnent feasible now and potentially competi-

tive with conventional dynamical tests.

Thetechnological capabilities for such a test will be discussed further in
the next Section. In SectionIl], the sensitivity of the test will be estimated
for certain possible forms of unsecen matter, We will cousider the cases of
1) a spherical shellof either uniform density or with anisothermal density
distribution, 2) a uniform, circular belt, and 3) a teuth planet. Concluding

remarks appear in Section 1V,




I1. Technological Capabilities

Quartz crystal oscillators have been relied upon upto now for usc cm
deep space probes. However, of the Pioneer and Voyager missions to the
outer solar system, only the Voyager spacecraft were equipped with an ul-
trastable oscillator (USO). It was manufactured by Frequency Electronics
Incorporated (FEI) in 197°'7. For 1000 sccond averaging’ intervals, the fre-
quency stability is at 1 part in 102, although the random walk can be much
larger. With this level of stability, it was possible to test the gravitational
redshift due to Saturn with an accuracy of 1% from the Voyager 1 flyby
in 1980 (Krisher, Anderson, Cainpbell 1990). Most recently, the Galileo
mission has provided a test of the redshift clue to the Sun at the same accu-
racy (Krisher, Morabito,and Anderson 1993; Morabito, Krisher, and Asmar

1993).

In principle, a similar type of experimentcould be performedto test
for aredshift duc to unseen matter in the outer solar system. Iresented
in Fig. 1 is a plot of the Voyager 2USO frequency from 1982 through the
Neptune flybyin1989. During this phase of themission, the Voyager Radio
Science Team collected data from the USO inorder to monitor its health and
performance. The data was generated by transmitting from the spacecraft
a 2.3 GHzradio signal referenced to the USO to a tracking station of the
NASA Deep Space Network, whiose receiver was referen ced to a hydrogen
maser frequen cy standard. A coherently transponded signal referenced to
the maser atthe station was used to calibrate the motion of the spacecraft.
We see that the most noticable featurc of the data is a linear dccreasein the

frequency at --11 mHz/day, which is consistent with expected aging effects
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I1. Technological Capabilities

Quartz crystal oscillators have beenrelied upon up to now for use on
deep space probes. However, of the Pioncer and Voyager missions to the
outer solar system, only the Voyager spacecraft were cquipped with anul-
trastable oscillator (USO). It was manufactured by Frequency Flectronics
Incorporated (FEI) in 1977. For 1000 sccond averaging intervals, the fre-
quency stability is at 1 part in10!?, although the random walk can be much
larger. With this level of stability, it was possible to test tile gravitational
redshift due to Saturn with an accuracy of 19’0 fromthe Voyager 1 {lyby
in 1980 (Krisher, Anderson, Caimpbell 1990). Most recently, the Galileo
mission has provided a test of the redshift due tothe Sun at the same accu-
racy (Irisher, Morabito, and Anderson 1993; Morabito, Krisher, and Asinar

1993).

In principle, a similar type of exper iinent could be performed to test
for aredshift duc to unscen matter inthe outer solar system. Presented
in¥ig. 1 is a plot of the Voyager 2 USO {requency from 1982 through the
Neptune flyby in 1 989. During this phase of the mission, the Voyager Radio
Science Team collected data froin the USO in order tomnonitor its health and
performance. The data was generated by transmitting from the spacceraft
a 2.3 GHz radio signal yeferenced to the USQO to a tracking station of the
NASA Deep Space Nctwork, whose receiver was referenced to a hydrogen
maser frequency standard. A coherently transponded signal reference d to
the maser at the station was used to calibrate the motion of thespacecraft.
We see that the most noticable feature of the data is a lincar decrease inthe

frequency at - 11 mHz/day, which is consistent with expected aging eflects
1 ) ¥, I gimg




in the USO itself. Unfortunately, the effects of @&l ng and random walk are

so large that they preclude a sensitive redshift test for unseen matter.

Aging eflects are much less severe in an atomnic frequency standard. For
example, it is possible to keep the frequency drift of a hydrogen maser oscil-
lator below 1 part in10'®per day (Owings 1993).1t has been proposcd that
a hydrogen maser standard be flown 011 a solar probe (Vessot 1991, 1 993).
At such a closc proximity to a inassive body,themaser would provide the
capability to perform a highly piccise gravitational redshift experiment (K-
isher 1993). For a inission to the outer solar sys tem, where smaller masses
arc involved, it is desirable to have still higher frequ et ey stability. A cryo-
genic hydrogen maser theorctically could have much iinproved stability, but

its actual capabilitics remain to be determined (Walsworth et al. 1 993).

There Nnow exists, howcever, a new type of atomic frequency standard
based upon the technique of storing ions in an clectromagnetic trap (Vanier
and Audoin 1989). For averaginig timnes beyond 10° seconds, the: stability
of a trapped- ion standard has been demonstrated to exceed that of other
atomic ‘[clocks” (Allan, Weiss, and Peppler 1989). Mercury- ion standards
employimg a novel linear trap design, which has important advantages, are
now being built and tested by a group at the Jet Propulsion laboratory
(1'restage etal.1992; Tjoclker et al. 1993). Recent tests have demonstrated
an Allan deviation of better than 10- ]3/\/7 for averaging intervals 7 Yor
T > 10°% scconds, this level of performance results in a fractional frequency
stability of better than 10"1%.With suflicient regulation of operating param -
cters and environmental perturbations, it may be possible to maintain this

level of stability orgreaterover imnuch longer time periods. Most iimportantly,




it is fcasible to design a spacecraft standard satisfying the requircinents of

simnall size, small mass, and low power consumption (Maleki and Prestage

1994).

In order to exploit fully the stability of anatomicfrequency standard, it
is necessary to calibrate accuratcly the motion of the spacceraft and media
effects on the radiosignal. The motion of the spacecraft can be calibrated
by measuring the Doppler shift of coherently transpouded radio signals, in
which the redshift eflect cancel - out in the received signal. It is also possi-
ble, by various means, to calibrate the eflects of interplanetary plasima and
the Barth’s ionosphere and troposphere. A ccuracies have been achieved ap -
proaching the stability of the hydrogen maser used as a reference (1 partin
10] °; Armnstrong 1 989). This accuracy could still be improved, however. An
interesting possibility is tousec a “four-link” radio systemn, which has been
proposed 1 order to gencrate time corrclated frequency data from which
accurate media calibrations could be derived ( Sinarr et al. 1983 Vessot,
1991, 1993). The plasma effects are dispersive and can be deterinined by

incorporating multiple frequencies (Bertotti, Comorctto, and less 1993).



111. Redshifts Due to Possible Matter Distributions

Wec will assume static distributions of matter in which there is no explicit
dependence upon time. Then, according to general relativity, the frequency
of a signal transmitted from a clock at rest at @y is related to the frequency

rceeived by a clock at rest at a; by tile expression

f2/ f1 = lgoo(@1)/goo(2) 11/2 (3.1)

The metric tensor gu» is specified by the Finstein equations for a given dis-
tribution of matter and appropriate boundary conditions. However, for weak
gravitational fields goo = - 1 42U /c? to lowest order in the Newtonian po-
tential U (defined positively), modu lo possible constant factors depending
upon boundary conditions. We will avoid these details by siinply synchro-
nizing our clocks appropriately. Innorder to determine the sensitivity whichi a
redshift test could ultiimately achieve, we will assumca fractional frequency

stability of 10-” 17,

a) Spherical Shell

First we will consider a uniformn, spherically symmetric shell of radius
rs and having a vacant core of radius r.. We could expecta Vacant coreto
en compass the inner solar system, becausc matter would have been swept
away due to gravitationalscat tering by Jupiter and theinnmer plancts. The

Newtonian potential mside the shell is




Ulre<r < 7.) = 2 Gp/3)(3r2 -2 - 20207 1), (3.2)

c

where p is the density. For a radio signal transinitted from inside the shell

to a. pomnt inside the c.ore, equation (3. 1) predicts that

ANf fa 27Gp, ,
‘f :2_j _f] ‘5(.7 (7]2 + 27‘;;7"]. 1. 37'2). (3.3)

c

The amount of matter interior to r1 is given by M(r; ) = (47i p/3)(r3 - r3).

If wedefineez- Af/f, then equation (3.3) provides therclation

M(r1)/Mg = 2¢ x 10803 ~ v} - 202077 - 302) 1, (3.4)

for distances in AU . Let us consider the case in which ry= 30 AU (the
orbit of Neptune) and r. = 9.5 AU (the orbit of Saturn). Then equation

(3.4) yields the result M(r; ) < 7.6 x 10%|¢| Mg, 01" M(7]) < 10- 7 Mg, for
lel< 10-",

For an isothermal distribution of matter, the density varies with radius

according to the expression

ol

ImGr?’

p(r) = (3.5)

where o is the mean velocity dispersion (Binney and Tremaine, 1987). In

this case the Newtonian potential inside the shell is given by
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U(re <7< 15) = 2071 - rer” b - log(r/r0)).

(3.6)

(for an exact general relativistic solution, seec Hojman, I'.ella, and Zamorano

1993). The mass at a radius r is M(r): 20%(r - ».), from which we obtain

the relation

0= 45 0[M(r)/Mg) [AU/(r - r)] (kin/s)?.

Reevaluating equation (3.3) for this case, we obtain for the redshift

Af

g 720/ i rery ! log(re/ri)]

which, with Eel. (3.7), yicldsthe result

-1
M(r )Mo = 10%[(ry - 7)/AU] [1 - reri ' - log(re /r1 )] .

(3.8)

(3.9)

If weagain consider a shell between the orbits of Saturnand Neptune, then

M(r1)= 1.1 x 10°|e| Mg Yor |e| < 10-”]7, we could thus d etect M(ry ) <

10- 8 Mg,.

b) Uniform Belt

Wec will estimnate the redshift effect of a uniforin, circular belt situated

at a hcliocentric distance r by considering signals transimitted from near the
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location of the belt, For this situation, the belt canbeapproximated by an
infinitely long tube of radiusr;. The Newtonian potential at 1°< 74 1s given

by

Ty 7y

U7 <) =- (»GM> log (7"‘ > , (3.10)

where M = (?17”'1;)(7”‘12 }p is the total mass of the belt. Kquation (3.10)
implies that the redshift effect is of order |e| ~ GM/c?z7b for values of r
consistent with our approximation. If weassumer, = 40 AU, then M ~
10'%€¢|Mg. Forle|= 10-1’, we could thus detect a belt of mass M ~

1077 Mg.

c) Tenth Planet

The redshift effect clue to a planctary body of mass M is siinply given

by

(Nf/F)=-(GM/) (231 - 25 <), (3.11)

to lowest order in the Newtonian potential, where x is the distance from
the planct. Let us supposc that we begin measuring the redshift at 100 AU
from the planct, and that the spacecraft passes withinonlya; = 50 AU.
Equation (3.11) implies a mass scusitivity of M = 10”|e|AM s, which yields

M <10- "Mg for|e] <10-17.
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IV. Conclusions

Fromn the preceding considerations, we conclude that a redshift test
could have a detection seusitivity approaching 10 7Mg.In practice, the
data would need to be fit to realistic inodels of possible matter distributions
to deterinine the most likely source of any apparent signature. Unkijown
parameters in these models would involve the locationor dimensions of the
source, in addition to its mass. A rigorous covariance analysis should be
done to determine precisely hiow well these parameters can be estimated in
the presence of anticipated error sources, such as randomn walk of the fre-

quency standards.

For the case of a spherical shellinterior to Uranus or Neptune, con-
sidered recently by Andersonetal. (1989, 1994), a scusitivity of 10-7 Mg,
which equals 0.03 Mg, would provide about a fact or of 2 immproveinent over
the current sensitivity provided by analyzing themotion of Uranus. We could
gain about a factor of 20 improvement over the sensitivity currently possible
with Neptune. However, a redshift test could be most importan t for detect-
mg matter beyond Neptune, for which planctary and spacecraft dynamical
tests may be highly limnited. This might verify theexistence of the Kuiper
Belt (Duncan, Quinn, and Tremaine 1 988; Dyson 1992), for which can didate
members have been detected recently at a heliocentric distance near 40 AU
(Jewitt and Luu 1993). Tracking of Piloncer 10 has so far resulted inonly
a limit of 5 AMponthe total mass of such a belt, (Andersonand Standish
1986). Wc also estimated that a tenth planet could be detected, even at
large distances. A body with ainass of 1 tod Mg has been proposed, in

an orbit having a semimajor axis of 50 to 100 AU (Matese and Whitmire
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1986; Barrington 1988). I'resent evidence for its existence is highly uncertain
and plagued by diflering interpretations of the available data on Uranusand

Neptune (Seidelmann and Harrington 1988; Standish 1993).

I'rapped- ion standardsare being developed further at J 1'1,. Testsof the
long- term stability have been limited by the stability of thehydrogen mnaser
standard used as a reference. The planned construction of several trapped-
ion standards will permitintercomparisons to be performed independently of
arcference of lesser stability (Tjoclkeretal. 1993). Iimprovements are also
possible in the linear trap design already in usc (]’restage et al. 1993).In
addition, the use of ytterbimmn ions, instead of mercury, is being investigated
and could provide important advantages for the design of a spacecraft stan-
dard (Malcki and Prestage 1994). Althoughin this paper we focussed only
on a single scientific goal, a spaceccraft trapped-ion standard ¢ ould provide

for Other interesting radio science experiments not discussed here.
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Figure Caption

Fig. 1 - Voyager 2 USO frequency in Nz versus timne in clays. Abias of
2296481000 Hz has been subtracted from the data for convenience. The plot
begins on 1 January 1982 and ends during 1990; for reference, the times of

the Uranus and Neptune flybys arecindicated by arrows.
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